Summary A physiologically based, single-tree simulation model, TREGRO, was parameterized with existing phenological, allometric, and growth data and used to predict effects of ozone and drought on growth of a 53-year-old white fir (Abies concolor (Gord. & Glend.) Lindl. ex Hildebr.) tree following a 3-year model simulation. Multiple experimental simulations were conducted to assess the individual and interactive effects of ozone (O 3 ) exposure and drought on growth of white fir. The effects of O 3 were imposed as reductions in carbon (C) assimilation of 0, 2.5, 5, 10, and 20%. Drought was imposed as 0, 10, 25, and 50% reductions in total annual precipitation. The results of the simulations were compared with the effects of O 3 on white fir seedlings grown in the presence and absence of ozone in open-top chambers and with a field survey of white fir trees subjected to a gradient of O 3 .
a field survey of white fir trees subjected to a gradient of O 3 .
In the O 3 simulations, an O 3 -induced reduction in C assimilation of 2.5% reduced total tree biomass and branch total nonstructural carbohydrate (TNC) content by < 7%. Although quantifiable in simulation experiments, such small reductions would probably not be detectable in the field. Results from both an open-top chamber experiment and a field survey indicated that reductions in C assimilation of white fir growing in elevated O 3 were much greater than 2.5%, but were not statistically different from control values. A simulated O 3 reduction in C assimilation of ≥ 10% reduced total tree biomass by 7% and branch TNC by 55%. Results from the field survey indicated that branch elongation was reduced in response to increased O 3 concentration, corroborating the simulated response of reduced C allocation to the branches of white fir.
Although simulated reductions in total annual precipitation of ≥ 25% reduced final tree biomass, the simulated reductions also reduced O 3 uptake and therefore reduced the O 3 response of white fir. However, a combination of low amounts of O 3 (2.5% reduction in C assimilation) and drought (25% reduction in annual precipitation) synergistically reduced C gain of white fir more than either stress individually. Our simulations predict that moderate drought (no more than a 25% reduction in total annual precipitation) may not ameliorate the response of white fir to O 3 and that moderate amounts of atmospheric
Introduction
Predicted increases in tropospheric ozone (O 3 ) concentrations (Miller 1993 ) and the growing number of studies demonstrating tree sensitivity to O 3 (Pye 1988 ) have focused attention on the need to evaluate the significance of these trends for the growth of mature trees and forests. Generally, assessment of O 3 effects on mature forest tree species has been limited by the experimental designs employed. Fumigation experiments most often use seedlings or saplings rather than mature trees, last for only one or a few seasons, and measure responses to exposure that are often not statistically significant (e.g., Adams et al. 1990 , Retzlaff et al. 1992 , Temple et al. 1992 , Grulke et al. 1999 . Models are useful for identifying whether small effects can lead to significant changes over time, identifying specific hypotheses to test in future field experiments and target physiological measurements, improving our estimates of effects of O 3 and additional environmental stresses on mature trees, and furthering our understanding of how trees respond to single and multiple environmental stresses.
Normally, a tree's ability to withstand stress depends on the carbon (C) reserves that can be mobilized to build or repair tissues (Loach and Little 1973, Holl 1985) . Carbon acquisition can be maintained or increased by growing more leaf tissue. If a tree is able to move adequate raw materials to leaf construction sites, C assimilation can be maintained, resulting in no apparent injury. To determine the degree of stress needed to initiate injury and loss of tissue function, we attempted to sim-ulate conditions prevailing when insufficient resources are available to replace lost tissues.
The TREGRO model developed by Weinstein et al. (1991) assumes that, in the absence of adequate C acquisition, if stored C is unavailable to supplement the reduced supply of newly fixed C, reductions in C fixation will limit tissue growth. The model assumes that as C supply is reduced, roots will show a decline in new growth first, then stem, branches, and finally leaves. When there is a sufficient quantity of stored C in the tree, it is used to supplement the reduced supply of newly fixed C to meet and maintain growth demands. During periods when rates of C fixation are reduced, depleted C pools will not be refilled to capacity by the end of the simulation, leaving the tree with a C deficit. Assuming this is an accurate portrayal of the response of trees to C deficiency, the model can be used to predict how much C limitation exists, and which tissues will receive an adequate C supply under various O 3 and drought stress scenarios. We have previously used this model system to simulate the root dynamics of a 160-year-old sugar maple (Acer saccharum Marsh.) tree (Retzlaff et al. 1996) and others have used it to simulate the effects of climate change on Pinus ponderosa Laws. growth (Constable et al. 1996) .
In some tree species, exposure of seedlings to O 3 causes shifts in C allocation away from roots (e.g., Anderson et al. 1992) . A similar response has been demonstrated in cultivated plants (Retzlaff et al. 1992) . Furthermore, periodic low soil water availability has been shown to reduce the impact of O 3 in ponderosa pine seedlings (Temple et al. 1992) . In the present study, TREGRO simulations were used to analyze shifts in C use of a mature white fir (Abies concolor (Gord. & Glend.) Lindl. ex Hildebr.) tree under conditions of limited C availability resulting from various O 3 and drought exposures, to assess how significant the loss of fixed C is for growth and to identify the response(s) that might occur under field conditions. We hypothesized that increasing amounts of O 3 and drought, singly and in combination, would reduce C acquisition and allocation of white fir.
Methods

Description of TREGRO
TREGRO is a physiological simulation model of the C, water, and nutrient fluxes of an individual tree (Weinstein et al. 1991) . TREGRO was developed to analyze the response of trees to multiple environmental conditions, such as temperature, drought, nutrient deficiency, and exposure to pollutants. In the model, the tree is divided into compartments: a canopy of foliage grouped by age class, branches, stem, and coarse and fine roots in three soil horizons. In each of these compartments, the model keeps track of three C pools: structure (living, respiring tissue); wood (the non-respiring tissue); and total non-structural carbohydrate (TNC). The model calculates C assimilation of the entire tree each hour as a function of ambient environmental conditions (meteorological inputs include air temperature (°C), relative humidity (%), rainfall (mm), photosynthetic photon flux density (µmol m -2 s -1 ), and O 3 concentration (ppb)) and the availability of light within the canopy. Carbon is redistributed daily within the tree for respiration, growth, storage, and replacement of senescent tissues. The C budget is calculated as a function of maximum C assimilation rate, rates of maintenance and growth respiration, specifics of nutrient uptake kinetics, phenological patterns of growth, growth rates of individual tree compartments, C assimilation response to O 3 , C assimilation and growth response to drought, initial patterns of C allocation among compartments, and C partitioning within compartments among living structure, dead wood, and C reserves (TNC). All TREGRO simulations were 3 years in length and utilized a 1990 meteorological data file from Yosemite, CA, for all years.
Parameterization of TREGRO
The biomass and C allocation of the initial white fir tree were set in the TREGRO model. We first set parameters in the model to simulate the expected growth of a tree under optimal conditions of nutrient and water availability. The simulation target was to grow a white fir tree with three annual biomass increments. The biomass of the initial tree was based on the mean diameter (34.8 cm) of white fir in the Sierran mixed conifer zone in Yosemite, CA, on site index 90 at age 50 (Schumacher 1926) . Based on the site index 90 table, we expect a tree in this zone to have a mean dbh of 39.6 cm after a 10-year growing period. We assumed a constant rate of increase in all biomass components over the 10-year period and evenly apportioned the increase in biomass between the stand age 50 tree and the stand age 53 tree for each of the three years that growth was simulated with TREGRO.
Initial tree biomass The initial biomass of above-ground tree components (foliage, branch, stem) was calculated (Table  1) from dbh-based allometric equations reported for white fir trees (Westman 1987) . We set the proportion of current to total foliar biomass based on values reported by Westman (1987) . Although white fir foliage can live for 24 years or more (Westman 1987) , we divided initial foliage biomass into four equal leaf classes. Each year of the simulation, we assumed that 25% of the foliage was dropped (the oldest leaf class) and a new foliage class (25% of total foliage biomass) was added. Foliage in the oldest leaf class was assumed to have the same C assimilation rate, regardless of age. Leaf area and specific leaf area were set based on dbh-based allometric equations for white fir trees (Westman 1987) . Because there was no information available on root biomass of white fir, root biomass information for Pacific silver fir (Abies amabilis Dougl. ex Forbes) was used as a surrogate. Grier et al. (1981) reported root biomass in a mature (180-year-old) stand of Pacific silver fir to be 23% of total stand biomass, with fine roots comprising 9% of total root mass. Tree biomass in each white fir component was further partitioned into TNC and structure (i.e., wood). The proportion of wood (40%) initially in stem, branches, and coarse roots was set to be the same as that determined for the stem by Westman (1987) . The remainder of the initial biomass was divided between TNC and structure. There is no published information on tissue TNC contents in white fir, so we assumed that TNC represented 30% of structure in the stem, branch, and coarse roots and 20% of structure in the foliage based on reported TNC concentrations in red spruce (Picea rubens Sarg.) (Weinstein et al. 1991) .
Soil parameters
The soil rooting area of white fir (29.52 m 2 ) was set to be identical to the projected crown area, assuming a crown radius (3.07 m) identical to a grand fir (Abies grandis Lindl.) of the same physical dimensions (Moeur 1981 ) and a uniform, circular crown. We recognize that, in a forest stand, the roots of many species will be intermingled beneath the canopy, but the rooting area of a particular tree would not be expected to exceed the crown area in a closed canopy. In TREGRO, root competition is ignored.
Depths of the A, B1, and B2 soil horizons were set to 0.28, 0.33, and 0.50 m, respectively, based on mean measured soil depths in white fir stands (J. Weber, USEPA, Corvallis, OR, personal communication) near Yosemite, CA. Soil nutrient conditions were set to be non-limiting for all the simulations in this experiment.
Seasonal phenology
We estimated phenological parameters from Hallgren and Helms (1988) and Pavlik and Barbour (1991) . Because these authors give the timing of phenological events as approximate calendar dates, we converted their dates to degree-days based on meteorological data from Yosemite, CA.
Carbon assimilation Net C assimilation for a high irradiance (1000 µmol m -2 s -1 ; 25-30°C), midsummer 11-day period was set to be approximately 0.00138 g C g -1 leaf C h -1 (5 µmol CO 2 m -2 s -1 ), based on values recorded for white fir foliage by Pavlik and Barbour (1991) . Leaf respiration was set at 20% of net C assimilation based on values recorded for red spruce (Laurence et al. 1993) .
Finally, the TREGRO-simulated tree was calibrated by adjusting tissue growth rates and senescence rates in fine roots until two conditions were met: (1) when the simulated C gain of each of the tree components (foliage, branch, stem, and coarse and fine roots) and the total tree C gain were within 5% of the value for projected C gain from the literature-based allometric relationships (Table 1) , and (2) when the proportion of TNC and the ratio of structure to wood in each of the tree components at the end of a simulation matched that parameterized for the tree at the beginning of the simulation.
Because our simulated control tree was set to predict growth under optimal conditions, this defined the maximum possible sink strength for C (rate of daily allocation) for each tissue. We then determined individual tree responses to limited C availability resulting from a suite of O 3 and drought treatments given the predetermined capacities of tree tissues to use C.
Ozone simulations
In TREGRO, O 3 effects are simulated through a cumulative effect of the pollutant on the maximum rate of carboxylation, V max . The magnitude of the O 3 effect is controlled by a threshold below which there is no effect, and a linear relationship be- (Rubin et al. 1996) .
To evaluate the effect of the maximum response possible, we assumed that V max began decreasing as soon as any O 3 uptake occurred in the leaves (i.e., the O 3 threshold was zero). Because cumulative O 3 uptake increased during the growing season, there was an assumed proportional decrease in V max for each additional gram of O 3 taken up. The slope of the described response was set so that our simulations would achieve a 0, 2.5, 5, 10, or 20% reduction in net C assimilation at the conclusion of one season of exposure to ambient O 3 (149.5 ppm-h for days of year (DOY) 1 to 210 at Yosemite, CA).
Drought simulations
In the initial base tree, soil water was set to be non-limiting for all of the simulations, with O 3 as the only limiting factor (stand-alone O 3 simulations). To impose drought stress, alone or in combination with O 3 stress, we: (1) set the threshold limit, below which growth and net C assimilation would be altered, to be the lowest soil water conditions (most negative soil water potential; -610 J kg -1 (-0.61 MPa)) experienced during the 1990 growing season; and (2) reduced each precipitation event in the meteorological file (and therefore the total annual precipitation input from the meteorological file by 0, 10, 25, and 50%). In the model, when soil water declines below this threshold, C assimilation (V max ) is reduced linearly at the rate of 7% for each -10 J kg −1 (-0.01 MPa) decrease in soil water potential. Thus, as annual precipitation was reduced and water was withdrawn from the root zone by the white fir tree, there was an increasing effect of drought on C assimilation and growth.
Open-top chamber experiment
The open-top chamber experiment was conducted at 1387 m in the San Jacinto Mountains east of Los Angeles, CA (33°37′ N, 116°37′ W) (Grulke et al. 1999) . Two-year-old seedlings were potted in a mix of equal parts of Promix B and perlite and ventilated with activated charcoal-filtered air in an evaporatively cooled greenhouse adjacent to the open-top chambers for 32 weeks. A drip irrigation system was used to water and fertilize the plants (NCSU fertilizer mix). Plants were watered twice weekly to field capacity. Nutrients were applied every 1-2 weeks through the irrigation system. Three seedlings were transferred to each 3-meter diameter open-top chamber on May 15, 1988, and exposed to either charcoal-filtered air (CF, controls) or charcoal-filtered air supplemented with O 3 (CF + O 3 ) as described by Heagle et al. (1979) . Fumigation began on June 4 (DOY 155) and ended October 11 (DOY 284) in 1988. There were two open-top chambers per treatment.
Instrumentation was housed in a trailer on site. The flow of O 3 , made from oxygen supplied to an O 3 generator (Model GTC-0.5b, Griffin Technics, Lali, NJ), was metered to the chambers by a mass-flow controller system (Hewlett Packard, Palo Alto, CA). Ozone was sampled from the center of each chamber with a sequential sampler (custom-made electronics, Scanivalve Corp., Liberty Lake, WA), and O 3 concentrations were determined by UV-photometry (Model 1003AH, Dasibi Environmental Corp., Glendale, CA, calibrated every two weeks on site). Blower boxes provided an approximate chamber exchange rate of 2 min -l . Each chamber was equipped with fiberglass dust filters and activated charcoal filters. Concentrations of O 3 in the chambers were measured every 0.5 h. Total O 3 exposure for each sampling date was calculated as: (1) charcoal-filtered air, y = 0.278x -1.44 and (2) elevated O 3 , y = 1.118x -1.66, where y is total O 3 exposure to date in ppm-h and x is number of days of exposure.
Seedling gas exchange of current-year foliage was measured monthly between 0830 and 1130 h with a closed gas exchange system (LI-6200, Li-Cor, Inc., Lincoln, NE) with a 0.25-l cuvette. Needles were enclosed in the cuvette for 18-30 s to minimize changes in leaf temperature, vapor pressure deficit, and effects of cuvette on conductance. Dark respiration was measured several hours after sunset, at 15-17°C. Gas exchange was calculated on the basis of needle surface area. Needle width and length were measured with a digital micrometer. Three seedlings in each of two chambers per treatment were measured. Statistics and graphics are based on chamber means (± 1SE).
Field survey
As part of an independent study, five representative white fir trees were chosen in the Sierran mixed conifer zone in San Pedro Matir National Park, Baja California (SPMNP), Mexico and the San Jacinto Mountains, CA (SJM), east of the Los Angeles Air Basin (N.E. Grulke, USDA FS, Riverside, CA, unpublished data). Trees in the 20-40 year age class were chosen because this was the age of first reproduction. Gas exchange of previous-year foliage was measured monthly from June 7 (DOY 158) to August 25 (DOY 238), 1991, as described for the seedlings in the open-top chamber experiment. Measurements of bud elongation and needle retention were initiated on May 9 for the SPMNP (snow break that week) and June 9 for the SJM.
No atmospheric O 3 data were recorded at either site, but O 3 exposure at each site was estimated. At SPMNP at the southern end of the Peninsular Range in Baja California Norte, Mexico, there is no anthropogenic source of atmospheric pollutants, and O 3 concentrations are assumed to be low. Based on minimum hourly ambient O 3 concentrations of 25-30 ppb at other atmospherically clean sites (N.E. Grulke, unpublished data), we estimate a total seasonal cumulative O 3 exposure (sum00) on the last sampling date to be 73-88 ppm-h at this site (approximately 50% less than the recorded O 3 values at Yosemite). At SJM at the northern end of the Peninsular Range, ambient O 3 exposure from mid-May to the end of September was estimated to be less than that at the eastern end of the San Bernadino Mountains 50 km to the north of the SJM (3-year mean, 1993-1995, sum00, 207 ppm-h based on hourly measurements, 24-h day-1, for DOY 135-273; N.E. Grulke, unpublished data).
The SPMNP site receives slightly more summer precipitation than the SJM site because of occasional late summer storms (R. Minnich, Univ. California, Riverside, CA, personal communication). Spot checks of vapor pressure deficits (VPD) during gas exchange measurements yielded no site differences (F = 0.00, P = 0.993).
Results and discussion
Ozone simulations
Ambient atmospheric O 3 concentration reduced the simulated total tree C gain and branch C gain compared with simulations without O 3 (Figures 1a and 1b) . Only stored reserve (TNC) pools in branches were affected by O 3 . There were no reductions in TNC pools in other compartments or in tissue (structure) growth. Additionally, as the parameterized O 3 -induced reduction in net C assimilation increased from 2.5 to 20%, the O 3 -induced reductions in total tree and branch TNC gain became more pronounced. We do not know whether our simulated estimates (based on the parameterized net C assimilation reductions) of physiological responses accurately reflect the O 3 response that would occur in forest-grown trees. However, the simulated reduction in TNC in white fir is similar to that observed by Anderson et al. (1992) who reported large decreases in TNC concentrations in ponderosa pine (Pinus ponderosa) seedlings exposed to O 3 .
We simulated a reduction in branch TNC but not in root TNC, even though reductions in root TNC are typically observed (e.g., Anderson et al. 1992) or simulated (e.g., Retzlaff et al. 1996) in other species. We did not simulate a reduction in root TNC because: (1) the experimental response of white fir to ambient O 3 is not as pronounced as for other species; (2) there are sufficient C reserves (TNC) in mature white fir trees to overcome a moderate reduction in net C assimilation over a short period of time; (3) the timing of the O 3 response corresponds with a particular phenophase in white fir roots; and (4) the root biomass data and TNC data that we used in the parameterization were not from white fir. In our simulations, O 3 -induced shortfalls in C assimilation occurred when root growth was minimal, causing minimal changes in the demand for TNC carbon in roots. Our simulations indicate that the effects of O 3 on partitioning of dry matter may differ depending on the sensitivity of the plant to O 3 , the effect of C supply relative to demand, and the concentration of O 3 to which the plants are exposed.
Drought simulations
In our simulations, reducing the total annual precipitation by 25% or more reduced total tree C gain compared with the no-drought simulations (Figure 2 ). Drought reduced both tissue (structure) growth and TNC pools. Drought stress has previously been shown to reduce height growth of white fir seedlings (Hallgren and Helms 1988) . According to our simulations, 3 years of severe drought (50% reduction in annual rainfall) can reduce the C available for storage (TNC) and growth of mature white fir. Annual precipitation has shown a precipitous decline from 1970 to 1990 in the Sierra Nevada (Miller et al. 1991) indicating that our 3-year simulated drought emulated field conditions. A strong effect of drought on bole growth has previously been observed in pines growing in the Sierras (Peterson et al. 1987 (Peterson et al. , 1989 . In addition, widespread mortality of ponderosa pine and other coniferous spe-PREDICTING WHITE FIR RESPONSE TO OZONE AND DROUGHT 199 TREE PHYSIOLOGY ON-LINE at http://www.heronpublishing.com cies caused by several years of drought has been reported in the Sierras (Sherman and Warren 1988) . Based on our simulations, we estimate that a 50% reduction in total annual precipitation in a given 3-year period would deplete C reserves sufficiently to affect tissue growth in white fir.
Ozone and drought interaction
Various combinations of drought and O 3 stress differentially impacted TNC gain of our simulated mature white fir tree (Figure 3 ). Simulated reductions in total annual precipitation of ≥ 25% reduced O 3 uptake, and therefore reduced the O 3 response of white fir. Temple et al. (1992) previously demonstrated that drought reduced O 3 -induced visible foliar injury of ponderosa pine seedlings by reducing stomatal conductance and, consequently, O 3 flux. Although drought has been shown to protect plants from O 3 injury because of closed stomata and reduced O 3 flux (Tingey and Hogsett 1985) , it is not known what effect the timing or sequence of the two stresses may have (Temple et al. 1992) . Observations of foliar injury in pines showed that water availability was an important variable explaining radial growth along an O 3 gradient in southern California (Miller et al. 1989 ). On sites with favorable soil water status, pines recovered from O 3 stress during years with relatively low O 3 concentrations. However, on sites with limited soil water availability, O 3 -injured pines did not show the same recovery. Further, sequential years of high O 3 concentrations or years with abundant soil water and moderate O 3 concentrations followed by years with drought stress combined to reduce pine crown condition to a greater extent than either stressor acting alone (Miller et al. 1989 ). In our combination simulations, low amounts of O 3 (2.5% reduction in C assimilation) and moderate drought (25% reduction in annual precipitation) synergistically reduced C gain of white fir more than either stress individually (Figures 1 and 3 ). Both cumulative gross photosynthesis and transpiration were reduced by O 3 or drought independently, with a 25% reduction in annual precipitation having a greater effect than a 2.5% O 3 -induced reduction in net C assimilation (Figures 4a and 4b ). Our simulations predict that multiple years of moderate drought (no more than a 25% reduction in total annual precipitation) will not decrease the response of white fir to O 3 and that moderate concentrations of atmospheric O 3 and moderate drought may be more detrimental to mature white fir than either stress singly. The combination of low O 3 and moderate drought was physiologically more damaging than either stress singly in our simulations because even though drought can limit O 3 uptake in the TREGRO model, moderate drought does not reduce transpiration enough to reduce the O 3 uptake to zero. The small amount of O 3 that was taken up by the simulated white fir reduced C gain over and above the C reductions caused by drought alone Thus, in TREGRO, each stress reduces C assimilation.
Comparison between chamber experiments, field observations, and simulations
Over a lifetime, compounding reductions in C acquisition or C allocation and storage may result in physiological stress for a long-lived tree. Simulation models are useful for extrapolating information from short-term exposure studies or from one developmental stage (e.g., seedling, sapling, mature) to another to ascertain whether a small, short-term effect could accumulate over an extended period of time, resulting in a large physiological change or response.
TREE PHYSIOLOGY VOLUME 20, 2000 200 RETZLAFF ET AL. In experimental chamber exposures, no statistically significant differences in C assimilation were detected between white fir seedlings growing in charcoal-filtered (CF) air or CF + O 3 (1.68 ± 0.42 versus 1.49 ± 0.35 µmol CO 2 m −2 s −1 , respectively; F = 0.116; P = 0.741) because of high individual tree variability (Figure 5a ). To demonstrate statistical differences at P = 0.05 between O 3 treatments, we calculated that 500 experimental chambers would be required or that differences between chamber means would have to be 1.8 times greater than we observed assuming the same population variance. Because of the lack of statistical significance, the chamber experimental data indicate that white fir seedlings were not very responsive to atmospheric O 3 even though C assimilation was reduced by approximately 10% after 4 months. In our simulations, a 10% reduction in C acquisition reduced total tree biomass by only 7%-a value which would not be detectable in the field. Mature white fir trees at two field survey sites differing both in ambient atmospheric O 3 concentrations and slightly in precipitation regimes were compared to determine the effects of O 3 and drought on C assimilation. Carbon assimilation was similar in trees at the two sites for the early and midsummer sample dates, but was approximately 30% lower in late summer in trees at the more polluted SJM site (SPMNP site: 3.26 ± 0.73 µmol CO 2 m -2 s -1 versus SJM site: 2.33 ± 0.48 µmol CO 2 m -2 s -1 ; F = 1.14; P = 0.317; Figure 5b ). Also, lateral branch elongation was twice as great in trees at SPMNP that in trees at SJM (62 ± 21 versus 35 ± 10 mm, respectively, total seasonal elongation), indicating that reduced C acquisition by trees at SJM was contributing to a measurable physiological response. However, despite the difference in sample means (≥ 30%, which was greater than the 20% reduction in C acquisition that we imposed in the simulation experiment), differences in C assimilation and branch elongation did not differ statistically in response to an estimated twofold difference in seasonal O 3 exposure. Thus, the branch response in the field may have been caused by factors other than O 3 . Data from the field and simulation experiment also indicate the importance of measuring multiple response variables.
Basal area growth of large populations of white fir exposed simultaneously with other species to moderate O 3 in the eastern San Bernadino mountains increased, whereas basal area growth of the co-occurring species declined precipitously (Miller et al. 1991 , Miller et al. 1996 , indicating that white fir is less sensitive to moderate concentrations of O 3 than its competitors and is able to take advantage of reduced competition from neighbors weakened by O 3 stress. Our simulations also predict relatively small decreases in total tree growth even when C assimilation is reduced ≥ 10%, confirming that white fir is not very sensitive to current concentrations of O 3 .
Trees survive periodically stressful conditions because they can mobilize stored C to build new tissues or repair injured tissues. We used TREGRO to evaluate the availability and significance of these C reserves in a mature white fir tree stressed by O 3 and drought, alone and in combination. Our simulations, together with results from a chamber experiment and field survey, confirm the lack of sensitivity of white fir at all developmental stages to current tropospheric concentrations of O 3 . Three years of simulated drought significantly reduced growth of white fir. In combination, simulated drought (more than a 25% reduction in annual precipitation for 3 years) reduced transpiration and simulated O 3 uptake. It is not likely that moderate drought stress will prevent growth reductions induced by O 3 , but it may reduce them. However, small reductions in C gain caused by O 3 may prove to be critical in trees with reserves already severely depleted by drought. Our simulations demonstrate the potential of modeling to evaluate individual tree response to limited C availability resulting from a suite of environmental stress conditions given the predetermined capacities of tree tissues to use C. Figure 5 . (a) Seasonal trend in CO 2 exchange rate (CER) of current-year foliage from a chamber experiment with white fir seedlings (data from Grulke et al. 1999) . Symbols and bars indicate chamber means ± 1 SE for each treatment (᭺ = charcoal filtered air, CF; ᭹ = charcoal-filtered air with O 3 , CF + O 3 ). Error of individual tree gas exchange was less than 1.2% CV. Values in parentheses are probabilities that the two means were significantly different based on a t-test. 
